One contribution of 15 to a theme issue 'Statistical physics of fracture and earthquakes' .
Introduction
Mankind has been concerned about desiccation fracture since time immemorial-working out how to prevent the walls of his mud-hut from falling apart or her burnt clay pottery from cracking up as the moist clay dries. It is only recently that useful applications of these cracks have started to come up and the subject has become a recognized area of research [1] . A branch of this research is concerned with perturbing factors in addition to natural drying, which have a significant effect on the character of the cracks-the geometry of their patterns, their time development and other features. In particular electric fields-both static and
Structure of colloids, clays and ceramics
Desiccation crack formation has been studied mostly in colloids. A colloid is a stable suspension of one material in another, either of which may be a solid or fluid. We are concerned with solid particles of size approximately micrometre to nanometre suspended in a liquid medium. When the liquid evaporates cracks may form. The solid may be, e.g. silica, latex or polystyrene spheres or flakes. An important subgroup of these is a clay paste or slurry. Since the major part of our article is concerned with clays, we discuss them in some detail.
(a) Clay
Clays are possibly the first group of raw materials that were available to humans for different uses. Natural soil or earth contains a mixture of silicate minerals with organic matter of vegetable origin as well as remains of marine and terrestrial life. Clay is processed into ceramics through a series of steps.
Clays are mainly phyllosilicates, i.e. sheet silicate minerals. The principal building blocks of any clay are tetrahedral layers of silica and octahedral layers of alumina or magnesia. Various types of clay structure are formed by different arrangements of the tetrahedral and octahedral layers [8] . The basic structures of clay can be described as follows. In tetrahedral sheets, silicon atoms are surrounded by four oxygen atoms at the four corners of a tetrahedron with the silicon at the centre. Three oxygen atoms of each tetrahedron are shared by three neighbouring tetrahedra and the fourth oxygen is shared by an octahedron of the octahedral sheet.
In the octahedral sheet, aluminium (or magnesium) atoms are coordinated by six oxygen atoms or OH groups placed at the corners of each octahedron. The oxygen atoms and OH groups form two parallel planes and aluminium or magnesium atoms are in between these two planes. Clay structures can be classified into two types, depending on how the oxygen atoms are shared between the tetrahedral and octahedral sheets. 
(i) Charge distribution in clay
In most of the clay minerals, a lower positive valence atom replaces a higher valence atom. Thus there is a deficit of positive charge in the structure. An isomorphous substitution by such atoms of lower valency into the clay structure makes the clay mineral negatively charged. In the tetrahedral sheet, some of the Si atoms are replaced by trivalent Al and in the octahedral sheet many of the Al atoms are replaced by Mg, Cr, Zn, divalent Fe, Li, etc. This type of substitution is facilitated by the small size of these atoms. But in most cases, the dried clay has no charge; it is neutral. This happens because during the manufacturing process or from the atmosphere cations such as Na, K, Ca, etc. are adsorbed by the clay layer to compensate the existing negative charge. The adsorbed cations, being large, cannot enter into the interior of the structure, but reside on the exterior plane between two clay layers. Owing to these adsorbed cations the dried clay becomes neutral.
When clay is suspended in water, the adsorbed cations diffuse away because of its low concentration in the bulk material. As a result of the opposing trends of diffusion and electrostatic attraction to the solid particle, they form a diffuse layer on the outer surface of the clay, known as the 'double layer'. The double-layer structure is discussed widely in the literature [9] .
Clay is in general negatively charged. However, this negative charge may be reversed under certain conditions, for example, when a salt containing multivalent cations is present [10] .
(b) Ceramics and latex
Ceramics and latex are traditional materials used to coat objects in a thin layer. The coating may be for protective and/or decorative purposes.
Ceramics are inorganic non-metallic materials [11] . They may exist in crystalline, semicrystalline or non-crystalline glassy form. They are liable to crack during several steps of processing. Ceramics are widely used as insulators in electrical installations, so crack formation under continuous exposure to DC or AC electric fields may be a cause for concern. The present article discusses such effects later in §7. On the other hand, the glaze on ceramic is sometimes intentionally fractured in natural geometric patterns for artistic effect as in craquelure pottery [12, 13] . However, care is needed to ensure that the glaze layer does not peel off after cracking.
Paints are usually prepared with latex, which are polymers with long-chain molecules. When used as a paint, beads of latex in a solvent must form a continuous sheet after drying. Crack formation is generally to be prevented, unless necessary for some particular purpose, such as creating a crack template to be used for transparent conducting surface preparation [14] discussed later.
How desiccation cracks form
Shattering of a glass sheet, when a stone is thrown, or cracking of a steel plate under mechanical stress are obviously processes quite different from the crack network seen in a dried out river bed. However, some basic principles of fracture are applicable in all these cases. We try to see the common features as well as the differences in these examples, before moving on to the effect of an externally applied electric field on crack formation.
The most general principle applicable in all cases of fracture is the Griffith criterion [15] . A fracture must necessarily create two new surfaces, with extra surface energy. This energy must come from release of stress generated in the material by some process, which may be mechanical or developed due to a process like drying. This is formulated as the Griffith criterion
where G c is the energy required per unit area to break the bonds holding the material together and γ is the surface energy, analogous to the surface tension for a liquid surface. These are the material properties which determine whether a crack can form. During desiccation cracking, the physical properties of the solid particles, the dispersant and external conditions like temperature and humidity come into play, in addition to the external electric field we are interested in here. In this section, let us first briefly discuss the situation of desiccation without the external field.
When colloid suspensions dry, the excess solvent evaporates from the free surface, increasing the concentration of the solid fraction. This causes osmotic pressure to build up in the solvent. As solid particles come closer to each other at the free surface, the solvent-air interface between them assumes a curved shape due to surface tension as shown in figure 2. Assuming that the solvent meets the surface of the solid inclusions at an acute contact angle, we can picturise the situation as if a liquid bridge is connecting the particles. Two grains connected by a ring of liquid behave as if joined by an elastic spring. The spring pulls the grains closer again when one tries to draw the grains apart, since the interface area and hence surface energy would increase in the stretched configuration. There are excellent review articles discussing details of the drying process, e.g. [16] .
The effect of diffusion, competing with evaporation must also be considered. This tends to randomize the particle distribution. If diffusion is weak, particle concentration goes on increasing at the surface, and a solid-like skin forms which may crack or deform. or slow down evaporation from the interior of the suspension. But for slow evaporation, solvent continues to escape until particles start to form flocs leading to aggregation. The forces holding the resulting solid together can be traced essentially to electrostatic origin, i.e. van der Waals forces. So the resulting aggregated solid is weaker than solids held together by ionic or covalent bonds. However, it can transmit tensile and shear stresses.
One can construct an approximate picture of a colloidal dispersion by assuming spherical particles of radius a packed together, with the spaces between them occupied by the dispersant liquid ( figure 2) . Some of the spaces may be occupied by air as well, if the sample is not fully saturated by the liquid. The spaces between the particles are referred to as pores, which may have complex shapes. Usually, a pore is connected to another pore by a narrow opening termed the throat. The liquid meniscus within the pore has a radius of curvature depending on its position in the pore. The negative capillary pressure p c within the liquid has the form [1] 
where γ is the surface tension of the fluid relative to air and r c is the radius of the circle where the liquid meets the particle. As the liquid evaporates, the meniscus is pushed deeper into the pore where r c is lower. At the narrowest region of the pore, i.e. the pore throat, the air above the meniscus pushes the fluid hardest. If this pressure exceeds the highest critical pressure that the meniscus can support, the meniscus becomes unstable. The air now invades the pore and the fluid gets redistributed within porous matrix. This can be considered as the initiation of a desiccation crack. The rapid jump of air invading the fluid which occupied one or several connected pores is known as a Haines jump [17] .
Behaviour of clay pastes in electric field: electrophoresis and dielectrophoresis
In a colloidal suspension, electrical forces can act on the particles as well as on the suspending fluid. The major electrical forces acting on small particles suspended in a fluid, such as water, are electrophoresis (EP) and dielectrophoresis (DEP). When a particle has a non-zero net charge, an external electric field drives the particle in a certain direction, known is electrophoresis (EP). When the particle has no net charge but can be polarized in an external electric field, thus acquiring a dipole moment, dielectrophoresis (DEP) occurs. DEP only results in motion when the field is non-uniform (the field can be a DC or an AC field).
(a) Electrophoresis
Suppose a particle with net electrical charge, say negative as, for example, in clays, is placed in a uniform external electric field. The particle is driven towards the positive electrode. However, it is not a straightforward matter to calculate the details of the motion. This is because in addition to the magnitude of the charge on the particle other factors need to be considered. The counterions in solution (positively charged in this case) and the co-ions form a double layer surrounding the colloidal particle as already discussed in §2a(i). The counter-ions also respond to the external field and the motion of all particles is controlled by the viscosity of the fluid. If the fluid medium has a high permittivity, like water, it can also become polarized and contribute to the net field. So calculating the mobility of the colloidal particle is a complex problem, discussed in detail in the literature [9, 18] .
(b) Dielectrophoresis
Recalling that conductivity is a measure of the ease with which charge can move through a material, while permittivity is a measure of the energy storage or charge accumulation at interfaces in a system, we can describe the phenomenon of dielectrophoresis (DEP) as follows. Figure 3 . Schematic diagram of how different dielectric particles polarize if they have a much higher (a) or much lower (b) polarizability than the suspending fluid medium. If the polarizability is higher, more charges are produced on the inside of the particle/fluid interface and there is a net dipole across the particle that is parallel to the applied field. If the polarizability is lower, more charges are produced on the outside of the interface and the net dipole points in the opposite direction, against the field. (Online version in colour.)
Here, one needs to consider the charge distribution at the interface between two materials of different conductivity and/or permittivity, the two materials being the colloid particle and the electrolyte (figure 3).
On application of an electric field, charge moves and piles up on either side of the interface, the amount depending on the field strength and the electrical properties (conductivity and permittivity) of both the particle and the electrolyte. Thus the particle acquires a dipole moment. The magnitude of the dipole moment depends on the amount of charge accumulated and the size of the particle. If the direction of the applied field is reversed, and sufficient time is given to the system to relax, the opposite charge distribution will be established, with the dipoles pointing in the same direction relative to the applied field. On application of the field, the charges do not move instantaneously: typically they take a few microseconds to reach equilibrium.
In the case of an AC field, DEP depends on the frequency as well as amplitude of the field. At low frequencies, the movement of the free charge can keep pace with the changing direction of the field. However, as the AC frequency increases there comes a point where the charges no longer have sufficient time to respond. At high frequencies, free charge movement is no longer the dominant mechanism responsible for charging the interface, and instead the polarization of the bound charges and hence the permittivity dominates. This variation with frequency is termed as dielectric dispersion. In a uniform electric field, there is no force on a dipole, so the particle does not move. However, a torque may act on an anisotropic particle depending on the relative directions of the dipole and the field. Now, what happens if the field is a non-uniform electric field? Figure 4 shows a schematic diagram of the electric field distribution around a particle in uniform as well as non-uniform fields, under different conditions. Figure 4a shows a particle with a polarizability greater than the suspending medium. The electric field lines bend towards the particle, meeting the surface at right angles as if it were a metal sphere, and the field inside the particle is nearly zero. The converse is shown in figure 4b, where the particle has a polarizability less than the electrolyte. The field lines now bend around the particle as if it were an insulator. The field lines for the same two cases in a non-uniform electric field are shown in figure 4c,d. Again the particle polarizes and the field lines around the particle behave in a similar manner to the uniform field case. However, the density of electric field lines, and hence the field strength on one side of the particle, is greater than the . Electric field lines for four different cases, showing the particle to be more polarizable or less polarizable than the suspending medium, in a uniform or a non-uniform electric field. For the more polarizable particle (a,c), the field lines are drawn to the surface of the particle, becoming increasingly perpendicular as the polarizability increases, and the field strength inside the particle is low. For the less polarizable particle (b,d), the field lines are bent around the particle and the field strength inside the particle is high. The arrows show the direction of motion in each case. (Online version in colour.)
other. This leads to a non-zero net force, resulting in movement of the particle. This effect is called dielectrophoresis. When the polarizability of the particle is greater(less) than its surrounding, the direction of the dipole is same(opposite) to the field and the particle experiences a force called positive(negative) DEP. The particle moves towards the strong field region in positive DEP, as shown in figure 4c , and towards the weak field region in negative DEP, figure 4d.
Desiccation crack formation under electric field
We now enter into the focal theme of this article. In the earlier sections, we have seen the importance of electric fields in understanding the properties and behaviour of clays and colloids. It is, therefore, natural to expect that an external electric field will have a significant effect on desiccation fracture formation in these systems. Let us first see the results of some experimental studies.
(a) Desiccation crack formation under a static electric field
Interestingly, the simplest experimental set-up to study crack formation in a DC (direct current) field is not a uniform field with straight parallel equipotential lines, but a cylindrically symmetric non-uniform field with concentric equipotentials. The outer and inner electrodes may be concentric cylinders. Such a field can be set up with a large circular electrode in the form of a short cylinder and a counter electrode at its centre in the form of a straight wire or a thin cylinder. The advantage of this geometry is in its simple boundary conditions. With the inner and outer electrodes connected to the two terminals of a power supply, the potential distribution in the annular region between the electrodes can be calculated easily assuming respectively, in figure 5b,c. The length and direction of the arrows represent the field strength and direction.
The only complicating factor, in this case, is the non-uniform field distribution with a stronger field near the centre and a weaker field near the periphery. Experimental work in this type of set-up has been carried out over a period of nearly two decades [2, 19] . The problem of working with a uniform field with straight parallel electrodes on two opposite long sides of a rectangular set-up, is that the boundary conditions on the shorter sides are undefined and the equipotential lines get distorted.
Two classes of experiments with cylindrical symmetry have been carried out-(A) in the first group, cracks formed in circular Petri dishes with diameter of the order of approximately 10 cm [2, 3] and in the second group (B), cracks appearing in roughly hemispherical droplets with diameter approximately 2 cm have been reported [4, 19] . The parameters which are shown to affect the crack patterns are the field strength in (A), and in (B) the field strength as well as the time of exposure to the field. A common feature observed in all these experiments is that the crack formation always initiates at the region near the positive electrode. The possible explanation is that positive counter-ions moving away from the positive electrode leave bare negatively charged clay discs, which repel each other and initiate cracks. Crack initiation at the periphery is much less prominent as the field at the periphery is considerably weaker. Laponite has been used as the clay sample in most of these studies. Being a synthetic material, Laponite has a well-defined chemical formula and structure [20] and the platelets are nano-sized and mono-disperse.
(i) (A) Large system in cylindrically symmetric electric field
Results on drying an aqueous slurry of Laponite in a Petri dish showed the following typical features as depicted in figure 6 . When the field direction is outward, i.e. the central electrode is positive, cracks appear at the centre and proceed towards the outer periphery. On the other hand, when the field is directed inwards, cracks start to appear at the peripheral, i.e. positive terminal, but they stop after moving a short direction radially inward. Cracks resembling circular arcs now appear, concentric with the system centre, and the region close to the centre remains free of cracks. In both cases, centre positive as well as centre negative the crack pattern thus exhibits a radial symmetry, which conforms with the cylindrical symmetry of the system. If no external field is applied, the desiccation cracks produced initiate at the outer and inner boundaries, but finally form a random network. For field strengths (approx. 600 V m −1 ) and lower, the effect of the electric field is negligible and the crack pattern becomes random.
Another interesting effect has been reported in similar systems. This is the oscillatory character of cracks developed in static electric fields [21] . This is more noticeable when the electric field is high and particularly near regions where the crack bends. The oscillations can be decomposed into a superposition of sinusoidal modes of characteristic frequencies. In the absence of the applied electric field, the crack path shows an irregular jagged appearance which can be decomposed into a large number of sinusoidal modes. However, as field strength increases the crack contour becomes a pure sinusoid, visible also on the vertical surface of the cracks, illustrated in figure 7 . The wavy contour on a crack path formed under an applied voltage of 100 V is shown under lower and higher magnification in figure 7a,b, respectively. Figure 7c ,d shows the Fourier transforms of the crack contours for 100 V and 0 V, respectively. For the higher voltage in (c) only one prominent mode with large amplitude is selected, while with no field, figure 7d shows a large number of superposed modes of comparable amplitude.
(ii) (B) Droplets in cylindrically symmetric electric field
Sessile droplets (of volume approx. 1 ml) take the shape of a section of a sphere. Evaporation and drying of such droplets is itself a topic of intense research [22] [23] [24] . If the droplet contains solid material in the form of colloidal particles or clay, it may crack during drying. The crack patterns show typical characteristics which have practical applications, e.g. in medical diagnostics, in the case of biological fluids [22] . Crack formation in droplets of Laponite slurry [4, 19] under a static electric field has shown interesting results which we discuss in brief. The set-up of these experiments is somewhat similar to that described in §5a(i). Here, the droplet is placed inside an aluminium or platinum ring of diameter approximately 1.8 cm, which acts as the outer electrode and the counter electrode is in the form of a wire of the same material as the ring, in contact with the centre of the droplet (as shown in figure 8 ). The voltage can be applied with the droplet centre positive (CP) or negative (CN).
Both of these papers [4, 19] focus on the memory effect, i.e. how the system response depends on a stimulus applied initially and then turned off. The stimulus here is a DC electric field applied for a short time and turned off before the appearance of cracks. However, the details of the crack The earlier paper [4] establishes scaling relations involving the following parameters which control crack formation-the applied voltage V and the field direction, i.e. whether set-up is CP or CN, and the time of exposure to the electric field τ . Scaling these parameters to a dimensionless variable represented by X, the experimentally observed features of the resulting crack pattern Y (also normalized to a dimensionless form), can be connected by the master equation
where, Y involves-the experimentally observed quantities-t c , t a , t sat , N sat , n f and some empirical constants. The three empirical relations with generic form of equation (5.1) are given below for both CP and CN, and
for CN. The constant B takes different values in the three cases. V s , V 0 and t 0 are empirical constants. t 0 can be interpreted as the time taken for desiccation cracks to appear, when no external field is applied, and the best fit value is close to the experimentally observed time.
The memory effect observed has more far-reaching consequences. Clay paste has a viscoelastic nature as is well known [25] . Systems which have properties in between an ideally conservative and a fully dissipative material can be modelled satisfactorily using methods of generalized calculus [26, 27] . As an example in material science we can think of an ideal elastic solid at one extreme, as the conservative system and a perfect fluid as the dissipative system, with a visco-elastic material combining the properties of both. On the other hand, a parallel is provided in electrical systems by a leaky capacitor, which is neither a fully conservative ideal capacitor, nor a completely dissipative pure resistance. Modelling of the leaky capacitor and the visco-elastic material run along parallel lines, constructing equivalent circuits or networks with the ideal systems in series or parallel combination [28] [29] [30] . A more elegant approach is to introduce elements obeying laws involving derivatives (or integrals) with fractional order. Here, the complex behaviour of the system can be introduced naturally, moreover memory effects become an integral part of the formulation [26] . This is because fractional order derivatives (unlike integral order derivatives) are not local or instantaneous properties, but depend on the temporal history of the system. A sequel to the earlier study of crack formation in clay droplets [19] adopts this method of analysis.
The experiment is similar to the earlier report [4] , except that platinum electrodes are used here. The energy required for crack formation can be calculated as E tot = t 0 0 VI(t) dt from the time taken for cracks to appear under a constant applied voltage V. This energy divided by the time t 0 for crack appearance with V = 0, gives the rate of energy absorption from the ambient. Now consider the situation where the voltage is applied for time τ < t c and then switched off. One can calculate the time t calc which should be needed to absorb from the ambient the extra energy needed for crack formation. Comparing with the experimentally measured time t exp it is seen that t exp < t calc , indicating that there is a source of energy supply other than the ambient. Some typical experimental crack patterns are shown in figure 8 .
It is known that a real or leaky capacitor as distinct from an ideal capacitor after charging for a time t charge , discharges in a characteristic manner as follows [31, 32] . The voltage across it remains ∼ V for a time ∼ t charge and after that falls off as a power law. An ideal capacitor of capacitance C would be expected to accumulate charge CV irrespective of t charge , retain that charge indefinitely and discharge exponentially when short-circuited.
The voltage measured across the droplet after τ shows a behaviour somewhat similar to the leaky capacitor (figure 9): it initially falls very slowly, then the graph in a log-log plot displays a 'knee' and finally becomes linear, i.e. falls as a power law. Hazra et al. [19] calculate the voltage as function of time, assuming that the droplet is a leaky capacitor obeying an equation incorporating a derivative of fractional order. The impedance for frequency ω across a fractional capacitor is given by
The constants C and α (with 0 < α < 1) characterize the leaky capacitor with non-zero dissipation. This simple model gives a voltage-time variation approximately resembling the experimental observation as shown in figure 9 .
(b) Crack formation in ceramics under AC fields
There is a considerable body of the literature on the effect of AC fields on crack formation in ceramics. Ferroelectric ceramics that are widely employed as acoustic transducers, electronic filters, pressure sensors and large displacement actuators, may experience cracking and mechanical degradation when subjected to large alternating electric fields. Cao & Evans [6] performed several experiments on PZT and PLZT to report that cyclic crack growth, i.e. fatigue, could always be induced by electric fields in both materials. The specific behaviour was governed by the field E relative to the coercive field, E c . In all cases, crack extension prior to electric breakdown occurred normal to the electric field. Initial crack extension at small fields (E < E c ) was considered to occur due to the combined effect of the residual stress from an initial notch indentation and the stress intensity caused by the electric field concentration at the open crack. It was observed that when the crack became large, the crack faces cyclically opened and closed. The difference between the dielectric permittivity of the cracked and uncracked regions produces a strain in the material around the crack tip. The resulting displacements caused the crack to grow on each cycle. Since these fatigue effects occurred only at fields above the coercive field, they operate generally in regions where field concentrations exist. This phenomenon may arise and be manifested as a local degradation. Moreover, when stresses are also present due to some reason, e.g. because of thermal expansion misfit with the electrodes, fatigue crack growth would be expected at lower fields. Zhu & Yang [33] [34] [35] argued that the non-uniform domain switching near the crack tip leads to strain mismatch and produces a cyclic stress field characterized by a cyclically varying stress intensity factor near the crack tip. Similar reports were made by Shieh et al. [36] who experimented on PZT-5H and PLZT 8/65/35, subjected to purely electrical loading. Under fully reversed cyclic loading with amplitude E max = 0.9E c to 3.0E c , cracks grew from a V-notch in both materials, with the predominant direction of growth perpendicular to the applied electric field. The rate of advance of cracks decreased with increasing cycle number, finally resulting in arrest. The arrested crack length increased with loading amplitude E max . They suggested that since the cracked zone of material acted as a dielectric inhomogeneity, it produced a region of enhanced electric field ahead of it, where individual grain boundaries had an increased probability of failure. Crack advance or arrest was a stochastic process depending on local heterogeneity of switching behaviour and on the distribution of grain boundary flaws.
(c) Desiccation crack formed in clay under AC field
Now let us see what happens when aqueous solutions of clay particles are exposed to alternating (AC) fields during desiccation. The amplitude and frequency of the field both leave their mark on the crack patterns that develop. Sircar et al. [5, 37] reported experiments in this area. When colloidal Laponite films desiccate in the presence of alternating fields, their crack patterns display a signature curving perpendicular to the direction of the applied field, quite unlike normal desiccation cracks or desiccation cracks in the presence of a DC field [3] [4] [5] . The mechanism of the curving cracks is complex and involves stress contribution from desiccation, applied electric field and fatigue arising from cyclical electrical loading. Experiments indicate that the predominant direction of fatigue crack growth is perpendicular to the applied electric field [6, 38] , very similar to the desiccation crack patterns observed in clay films in AC. We discuss separately the effect of varying the amplitude and the frequency of the applied AC field. The final crack pattern arises from a combination of both effects. 
(d) Effect of amplitude
The set-up of the experiment by Sircar et al. is similar to the earlier DC experiments [2, 3] as shown in figure 6 , only instead of a DC power supply, a 'variac' is connected between the central and peripheral electrodes producing a non-uniform radial AC field. To explore the effect of field strength, the frequency was fixed at 50 Hz while the voltage varied between 20 V and 70 V as shown in figure 10a-c. At low voltages initial cracks always appear from the peripheral electrode. However, instead of proceeding radially to the centre as in the case of DC [3] , they curve along a circular path as shown in figure 10a. At higher voltages (figure 10b,c), cracks emerge from the central electrode, but instead of proceeding towards the peripheral electrode, curve along the way. For comparison the effect of a uniform AC field during crack formation is shown in figure 10d -e, where cracks do not curve. So an AC field with a non-zero gradient is necessary to observe the curving of cracks.
The time of appearance of the first crack decreased rapidly with applied voltage while the curvature of the curved cracks was found to decrease linearly with applied voltage. The variation in the total number of cracks emerging from the central and the peripheral electrodes with applied voltage, however, exhibited interesting behaviour showing a minimum around 40 V [5] .
The magnitude of the force on the Laponite particles in an AC field is similar to the DC set-up with same geometry [3] . However, in AC as the polarity of the electrodes keeps changing in time the polarization of the clay particles flips accordingly. The field strength in a set-up with cylindrical symmetry is greater at the central electrode than at the peripheral one. Cracks in higher AC fields always appear from the central electrode, whatever the frequency, indicating that in AC it is the strength rather than the frequency of the applied field that is responsible for crack initiation.
The strong fluctuations at the inner electrode increase with voltage, but the fluctuations weaken towards the peripheral electrode. So, in an AC field, a given region of the system is subjected to repeated changes in the direction and magnitude of the strain, depending on its radial position. The situation is similar to fatigue in metals [39] where the system is subjected to repeated cyclic changes in strain and fails as a result.
(e) Effect of varying frequency
Sircar et al. [37] reported the effect of different AC voltages (35-70 V) and frequencies between (10-100 Hz) on a drying Laponite sample in a radial AC field. The authors reported that in the AC field, cracks always emerged from the central electrode. The interesting observation is that at low (approx. 10 Hz) and high frequencies (approx. 100 Hz), the crack patterns were similar and reminiscent of DC crack patterns observed in a circular geometry in CP. It is in the intermediate frequencies (approx. 50 Hz) that the cracks, after emerging from the central electrode, showed distinct curving ( figure 11) .
The time of appearance (t a ) of the first crack for different frequencies (ν), for every applied AC voltage (V), (figure 11d) followed an exponential relation
where τ V is a relaxation time that depends on the applied voltage. As discussed in §5a(ii) [19] , the total energy required for a sample to show the first crack is almost constant. If the rate of absorption of thermal energy received from the ambient is assumed to be constant, τ V may be taken as the controlling factor that determines the absorption of electrical energy from cyclic loading in the AC field. When t a is scaled by t 0V , the curves collapse to a single graph as shown in the inset of figure 11d fitted by the exponential relation
As equation (5.6) is independent of voltage, τ is a characteristic relaxation time of the system. The time of first crack appearance t a decreased with increase in both frequency and applied voltage, as is often seen in fatigue cracking under cyclic loading. The exponential nature of the collapsed graph indicates that both amplitude and frequency of the applied AC field determine the time of first appearance of the cracks.
A possible explanation of the decrease in t a with increase in frequency incorporates the fact that the number of electrical load cycles increases with frequency, for the same time interval. If each AC loading cycle causes inhomogeneous strains between the particles that try to align along the field direction, the material becomes more fatigued and easier to fracture.
Sircar et al. [37] report that for the same applied voltage, the curvature of the cracks varies with frequency. The curvature showed a maximum at a certain frequency that was characteristic of the applied voltage. Videos of crack growth in AC show interesting aspects of the fracture dynamics. They observe that growth is not uniform but there are spurts which coincide with the initiation of crack path curvature.
Sircar et al. [37] took scanning electron microscope (SEM) images of Laponite films dried in AC fields of different frequencies and voltages. From the apparent size of the discs, when viewed from above as a projection, they inferred that the alignment of the clay discs with respect to the substrate and with respect to each other changed with the frequency and amplitude of the AC field applied (figure 12). A torque acts on the induced dipole moment on the clay disc, resulting in different orientations under different amplitudes and frequencies of the AC field. This is reflected in different textures and micro-structures revealed in the SEM images.
The overall picture can be summed up as follows. Normally the Laponite discs are mechanically stable lying flat on the substrate rather than normal to it. At a low-frequency AC field, the counter-ions that surround the particles are able to rearrange themselves along with the change in field direction. The dipole moment associated with each disc in figure 12 thus flips when the field is AC. At higher frequency, the discs prefer to be normal to the electric field and the substrate. In this position, the magnitude of the dipole is vanishingly small compared to supine position, or at a vertical position with disc diameter parallel to the field. So when the AC field flips, the dipole needs a vanishingly small amount of energy to re-orient.
As regards the crack pattern, cross-radial curving of the crack is observed between 20 and 90 Hz. For the lowest frequency observed, i.e. 10 Hz, and the highest frequency, 100 Hz, no noticeable curving is seen. In the radial DC field [3] , it was observed that radial cracks were the most prominent feature in CP configuration. Here bare negatively charged clay discs repel each other to create cracks. When the periphery is positive, the field here being much weaker, crack formation is less. So in AC the CP positive half-cycle dominates the crack formation behaviour and growing cracks continue to grow and proceed in the same direction during negative half-cycle, reminiscent of the memory effect seen after switching off the field in DC studies [4, 19] .
The effect of AC, i.e. the periodic flipping of the field direction, is most noticeable for the frequency which matches the characteristic frequency corresponding to the inverse of the characteristic relaxation time τ V for the system. In this regime, outgoing radial cracks encounter a change in texture (according to SEM images) [40] depending on the frequency and strength of the applied field. At the critical distance between the centre and the periphery, the cracks appear to follow the path along which texture changes, i.e. they move cross-radially and curve. There are several studies [6, 36, 38] on fatigue cracks in the AC field indicating that fatigue cracks grow predominantly in a direction perpendicular to the applied electric field. The tendency of the cracks to curve cross-radially to the direction of the applied field matches this expectation.
Simulation studies
The process of crack formation in large particulate or granular systems is very complex, so it is hardly possible to work out a fully analytical theory which will predict or explain crack initiation and propagation. Numerical simulations are a practicable alternative. Fracture has been simulated using several different approaches and a number of reviews and books have been published over the years [41] [42] [43] . This literature contains considerable amounts of work on desiccation fracture.
Various aspects of desiccation crack patterns have been simulated using techniques such as spring-network [44] , phase fields [45] , discrete element models [46, 47] and different versions of finite-element models [43] . Fibre bundle models (FBM) [42] consider two surfaces held together by fibres of varying strength. On loading, the weakest fibre fails and the load is shared by the intact fibres. Fracture results when all fibres break. FBMs provide some significant general results, but they are less suitable for modelling desiccation fracture.
One of earliest studies by Meakin [48] considered an elastic film to be constructed by nodes and bonds on a triangular lattice, broken bonds initiated the cracks. Bond breaking was assumed to be thermally activated. Colina et al. [49] simulated crack formation in a two-dimensional clay layer. They used a random fuse model, replacing the mechanical interactions by an electrical analogue to generate a realistic pattern of surface cracks.
Spring networks and different versions of the finite-element models essentially discretize the system into a mesh connecting nodes through interactions which may be van der Waals or Coulomb interactions, elastic/friction forces and so on. The interaction can be modelled as a spring connecting pairs of nodes. For colloidal particles or clays viscoelasticity and plasticity play important roles. A viscoelastic element including both elastic and viscous properties is usually represented by different combinations of springs and dash-pots [1] . So the spring may be replaced by a spring dash-pot combination with a damper included to take care of slipping of the sample on the substrate [50] . Hirobe & Oguni [51] have recently modelled the development of the hierarchical crack pattern by a coupling of desiccation, deformation and fracture. They suggest a particle discretization scheme finite-element method (PDS-FEM to emergence of a typical length scale with a typical geometry, which agrees with experimental observations. Vo et al. [52] use a cohesive fracture model, implementing discrete elements to study desiccation crack formation in clayey soil.
The phase field model for fracture follows a different approach, where broken and unbroken materials are considered to be two different phases, with a transition from one to the other over a definite prescribed length scale [53] .
To simulate the effect of electric fields on desiccation crack formation, it is necessary to incorporate the response of the clay slurry to the Coulomb forces in addition to the effect of drying.
Desiccation cracking under an electric field and how it affects crack patterns has been simulated in several studies. Khatun et al. [3] simulated crack formation in a radial DC electric field using a spring network model. Clay particles were placed at nodes of a square lattice and nearest neighbours were connected by springs assumed to break after a threshold strain is reached. Desiccation was simulated by shrinking of the springs. The electric field was assumed to pull the particles in the radial direction-inward or outward depending on the field direction. It is seen that the experimentally observed radial cracks for CP and cross-radial arc-like cracks for CN were obtained when the Laponite particles were assumed to be attracted towards the negative electrode, which indicates overcharging of the clay, as discussed in §2. There is yet, however, no supporting evidence that Laponite particles are actually overcharged under the relevant conditions, though it is quite likely that they may be, from studies by e.g. Messina [10] .
Sircar et al. developed a more realistic version of the model to explain AC field results [5] . Here, instead of a perfect square lattice a randomized square lattice was used and spring connections between all particles within a 'circle of influence' were allowed. The artificial appearance of the crack pattern due to the square lattice in [3] was thus reduced. These simple models are capable of reproducing the qualitative appearance of the crack patterns under DC as well as AC fields. Figure 6c,d shows, respectively, how the appearance of simulated cracks for CP and CN compare with experimental crack patterns for CP in figure 6a,b respectively [5] . Simulation of cracks curving in AC using the same model are shown in figure 13 . The three figures in the upper row show experiments of crack patterns in AC fields with the radius of the inner electrode increasing from left to right. The lower row compares simulated patterns for similar conditions.
Other studies
Some related works may be mentioned which are likely to interest the reader, though they are not concerned directly with desiccation cracks in an electric field.
Castberg et al. [54] studied the orientation of clay aggregates in the presence of external electric fields. The clay aggregates were suspended in oil. The rate of rotation of the aggregate plate was related to both the magnitude of the induced electric torque and the hydrodynamic drag. They measured the difference between the longitudinal and vertical polarizability.
A recent work by Liu et al. [55] presents an interesting study of reversible cracks in an intermetallic surface. The cracks here can be controlled by an electric field to open and close depending on field direction. In another study, a method for tuning crack patterns by phase separation was proposed by Liu et al. [56] . Hosoi et al. [57] showed that a fatigue crack treated with the surfaceactivated pre-coating (SAPC) was found to be effectively healed as a result of electro-pulsing, and also showed a slower rate of crack propagation.
Ferroelectric ceramics are used, among other applications, in electro-mechanical transducers, converting mechanical forces into an electric potential (direct piezoelectric effect) or vice versa (inverse piezoelectric effect). During their lifetime, ferroelectric ceramics must be able to operate under long-term cyclic electro-mechanical loading. Ferroelectric ceramics have been shown to exhibit crack growth resistance [58] [59] [60] [61] , i.e. increase in fracture toughness with crack length. The toughening mechanism has been predominantly attributed to domain switching [62] . Experiments have shown that cracks in ferroelectric ceramics can be driven to grow by an AC voltage applied perpendicular to the crack faces. Cao & Evans [6] Figure 13 . The upper row shows experimental crack patterns generated under AC field with change in inner electrode dimensions. The lower row simulates the same conditions using the model described in §6 by Sircar et al. [5] .
the crack tip and at contacting crack bridges leading to a strain mismatch which causes the crack to grow. Shieh et al. [36] performed experiments on through-thickness cracks in lead zirconate titanate (PZT) with AC fields. They found fine material debris resulting from abrasive wear on the fracture surfaces and evidence of micro-cracking. Engert et al. [63] investigated the influence of small AC, unipolar cyclic and DC electric loads on the fracture toughness of a ferroelectric ceramic. Their measurements showed that for low amplitudes, electrical AC loading caused a drop in the critical mechanical load. The effect of magnetic fields on desiccation crack formation has not been covered in this review, however, according to various studies, magnetic fields also have a pronounced effect [7, 64] and may be considered as a tool for tuning and controlling cracks and their patterns.
Applications and conclusion
The study of cracks has gained a new impetus in recent years, because in addition to the age-old problem of crack prevention, work on useful applications of cracks are emerging [1] . Specially in the modern era of nano-patterning [65] and self-assembled structure formation [14] utilization of crack networks are coming into focus. Desiccation cracks are particularly relevant in this context as they form spontaneously, offering a technologically simple and low-cost methodology.
In this article, we have restricted ourselves to a review of studies on desiccation crack patterns in clay paste, formed under electric fields. We have covered work on static (DC) fields of different geometries as well as work on alternating (AC) fields where the frequency and field strength have been varied. The phenomenon of material fatigue becomes relevant for the AC fields. The effect of the field on morphology of the clay at micro and nano levels and how it affects crack patterns has also been discussed.
To design crack networks tailored for a specific application it is necessary to explore new areas using experimental as well as analytical and numerical tools. Studies on widely varying and apparently uncorrelated aspects of crack pattern formation sometimes lead to new directions for breakthrough. For example, desiccation crack patterns are being used as templates to produce transparent conducting electrodes for photovoltaic appliances [14] . Here, a colloidal suspension is allowed to crack on desiccation, creating a typical crack network on a transparent surface. Metal is then vapour deposited into the cracks and the colloidal layer is removed. The metal network left on the surface consists of very narrow, and mostly connected metal branches, which are invisible to the eye but render the surface conducting. An idea borrowed from a study by Goehring et al. [66] of restructuring the crack network by subjecting it to repeated wetting-drying cycles was found to improve the conducting properties of the surface significantly [67] . It may be expected that the effect of generating crack patterns tailored for specific requirements using tools such as electric and magnetic fields shall also find a place in designing micro-scale electrical circuits.
The details of structure formed in desiccation crack networks, such as their fractal dimensions and connectivity are known to depend strongly on the composition of the cracking material [46, 68] and thickness of the drying layer [69] . So crack patterns can serve as a guide to material composition, particularly where the system is not directly accessible. For example, photographs of the surface of Mars showing desiccation cracks gave evidence of the presence of water at earlier times [70] . The effect of electric fields on these parameters has not yet been investigated and may lead to useful results.
Ceramics used as insulators in electrical installations are subject to AC and DC fields. Better designs to withstand crack formation may develop from studies on effects of the fields. To conclude, we hope that this review will lead to more work in this exciting yet down-to-earth field.
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